Disabled-1 (Dab1) is an adaptor protein that is an obligate effector of the Reelin signaling pathway, and is critical for neuronal migration and dendrite outgrowth during development. Components of the Reelin pathway are highly expressed during development, but also continue to be expressed in the adult brain. Here we investigated in detail the expression pattern of Dab1 in the postnatal and adult forebrain, and determined that it is expressed in excitatory as well as inhibitory neurons. Dab1 was found to be localized in different cellular compartments, including the soma, dendrites, presynaptic and postsynaptic structures. Mice that are deficient in Dab1, Reelin, or the Reelin receptors ApoER2 and VLDLR exhibit severely perturbed brain cytoarchitecture, limiting the utility of these mice for investigating the role of this signaling pathway in the adult brain. In this study, we developed an adult forebrain-specific and excitatory neuron-specific conditional knock-out mouse line, and demonstrated that Dab1 is a critical regulator of synaptic function and hippocampal-dependent associative and spatial learning. These dramatic abnormalities were accompanied by a reduction in dendritic spine size, and defects in basal and plasticity-induced Akt and ERK1/2 signaling. Deletion of Dab1 led to no obvious changes in neuronal positioning, dendrite morphology, spine density, or synaptic composition. Collectively, these data conclusively demonstrate an important role for Reelin-Dab1 signaling in the adult forebrain, and underscore the importance of this pathway in learning and memory.
Introduction
Disabled-1 (Dab1) is an adaptor protein that is essential for neuronal migration and maturation in response to the extracellular protein Reelin (for review, see D'Arcangelo, 2005) . Spontaneous mutant mice lacking Reelin (reeler) or Dab1 (scrambler), and Dab1 knock-out (KO) mice present with widespread defects in cellular layer formation Howell et al., 1997 Howell et al., , 2000 Sheldon et al., 1997) . A developmental delay in dendrite and axon branching, as well as spine formation and synaptogenesis, has been also reported in the hippocampus of Reelin and Dab1 mutant mice Niu et al., 2004 Niu et al., , 2008 Borrell et al., 2007) . Reelin signaling continues to perform an important role in the adult brain by promoting excitatory synapse maturation (Qiu and Weeber, 2007; Ventruti et al., 2011) and modulating synaptic plasticity and learning and memory Pujadas et al., 2010; Rogers et al., 2011) .
During forebrain development, Reelin is secreted by CajalRetzius cells in superficial cortical layers Ogawa et al., 1995) , and targets principal neurons, which express apolipoprotein E receptor 2 (ApoER2) and very low density lipoprotein receptor (VLDLR; D' Arcangelo et al., 1999; Hiesberger et al., 1999) . Receptor binding leads to the activation of Src family kinases (SFKs) and tyrosine phosphorylation of Dab1 Howell et al., 1999) . Phosphorylated Dab1 propagates Reelin signaling, regulating neuronal migration through the recruitment of Crk/CrkL Park and Curran, 2008) , Rap1, cadherins, and integrin ␣5␤1 (Franco et al., 2011; Jossin and Cooper, 2011; Sekine et al., 2012) . The molecular mechanism underlying the control of postnatal developmental processes, such as dendrite outgrowth and spine formation, also requires ApoER2/VLDLR and Dab1 (Niu et al., , 2008 and the downstream activity of phosphatidylinositol-3 kinase (PI3K)/Akt and mTOR (Jossin and Goffinet, 2007) .
In the adult forebrain, Reelin is secreted by a subset of inhibitory neurons (Alcántara et al., 1998; Pesold et al., 1998) , and it is believed to be important for synaptic function since Reelin haploinsuffiency or loss of either VLDLR or ApoER2 leads to learning and memory deficits Qiu et al., 2006b) . However, at least one study did not report similar defects in heterozygous reeler mice (Krueger et al., 2006 ). An ApoER2 isoform capable of binding postsynaptic density (PSD)-95 has been further implicated in synaptic plasticity and cognition through a mechanism involving the NMDA receptor (NMDAR; . The role of Dab1 in the adult brain has not yet been investigated due to the absence of an animal model that lacks developmental abnormalities. To overcome this limitation, we generated a conditional KO (cKO) mouse with selective deletion of Dab1 in excitatory neurons of the adult forebrain. Here we present evidence that Dab1 plays a critical role in mediating the synaptic function of Reelin, and that it is required for hippocampal synaptic plasticity and learning and memory.
Materials and Methods

Mouse colonies
All animals used for this study were handled in accordance with protocols approved by the Association for Assessment and Accreditation of Laboratory Animal Care committee at Rutgers, The State University of New Jersey, and by the Institutional Animal Care and Use Committee of the University of South Florida. Animals of either sex were group housed in a standard 12 h light/dark cycle and fed ad libitum standard mouse chow. The Dab1 flox/flox founder mice were genotyped as described previously (Franco et al., 2011) . CaMKII␣-Cre transgenic driver mice (B6.Cg-Tg(Camk2a-cre)T29 -1Stl/J), tdTomato reporter mice (B6.Cg-Gt(ROSA)26Sor
tm9(CAG-tdTomato)Hze /J), spontaneous Dab1 mouse mutant scrambler (A/A-Dab1 scm /J), and wild-type C57BL6 mice were obtained from The Jackson Laboratory. Mutant and transgenic mice were genotyped by PCR as suggested by the distributor. Constitutive Dab1 KO mice were obtained from J. A. Cooper (Fred Hutchinson Cancer Research Center, Seattle, WA) and genotyped as described previously .
Tissue histology and immunostaining
Mice were deeply anesthetized with Avertin (2,2,2-tribromoethanol dissolved in tertiary amyl alcohol and distilled water) or isoflurane and perfused transcardially with PBS ( pH 7.2) or saline solution (0.9% NaCl), followed by 4% paraformaldehyde (PFA) in PBS. Brains were dissected, postfixed in 4% PFA overnight at 4°C, and cryoprotected by incubation at 4°C in 30% sucrose in PBS. Brains were mounted onto a sliding microtome using OCT (Tissue-Tek) and sectioned either coronally (for immunohistochemistry) or sagittally (for histology) at 25-30 m. To evaluate neuroanatomical organization, sections were processed for thionin staining (FD Neurotechnologies) according to the manufacturer's protocol.
For immunoperoxidase staining, brain sections were immersed in 3% H 2 O 2 solution for 15 min at room temperature (RT). Sections were washed with PBS and then permeabilized and blocked with 4% normal goat serum (NGS) in PBS (supplemented with 1.83% lysine and 0.2% Triton X-100) for 30 min at RT. Sections were incubated overnight at RT with anti-Dab1 B3 antibody at 1:1000 (provided by Dr. Brian Howell, SUNY Upstate Medical University) diluted in PBS with 0.2% Triton X-100 and 4% NGS. After washing with PBS, sections were incubated with biotinylated goat anti-rabbit IgG (1:3000; Southern Biotech) diluted in PBS with 0.2% Triton X-100 and 4% NGS. Sections were washed in PBS and then incubated with ABC reagent (Vectashield) for 1 h at RT, followed by three washes in PBS and one wash in fresh TBS. Sections were incubated with 1.4 mM diaminobenzidine in Tris-buffered saline (TBS) with 0.03% hydrogen peroxide and 0.5% nickel ammonium sulfate in PBS for 5 min. Finally, stained sections were mounted on positively charged glass slides, dehydrated, and coverslipped with DPX mounting media. Imaging was performed with a Zeiss Axio Scope A1 Microscope. Fluorescence immunostaining was performed as described previously . The following primary antibodies were used: antiDab1 B3 (1:500), anti-Reelin (1:1000; MAB5364, Millipore), anti-NeuN (1:2000; MAB377, Millipore), anti-PSD-95 (1:2000; P78352, NeuroMab), anti-synaptophysin (1:400; 5461, Cell Signaling Technology), and anti-GAD67 (1:2000; MAB5406, Millipore). The following secondary antibodies were used: goat anti-mouse IgG-Alexa 546, goat anti-rabbit IgG-Alexa 488, and goat anti-rabbit IgG-Alexa 633 (all used at 1:500 and obtained from Invitrogen). Sections were mounted on positively charged glass slides and coverslipped with ProLong Gold Antifade Reagent with DAPI (Invitrogen). Sections were imaged using the Olympus FV10i confocal microscope. For comparison between genotypes; images were taken with the same exposure settings and were adjusted similarly for brightness and contrast in Adobe Photoshop.
Protein extracts and crude synaptosome preparation
For developmental analysis, the cortex, hippocampus, and cerebellum were dissected from C57BL6 mice at several postnatal days and snap frozen. The cortices and hippocampi of homozygous constitutive Dab1 KO mice or Dab1 cKO mice and their wild-type (WT) littermates were dissected and processed for total lysates or synaptoneurosome (SNS) fractions. Frozen cell pellets from primary neuronal cultures or hippocampal slices were similarly processed for total lysate extraction. All centrifugation steps were performed at 4°C. To prepare total lysates, the tissue or cell pellets were homogenized in ice-cold radioimmunoprecipitation assay buffer (50 mM Tris, pH 7.4, 1% NP40, 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM EGTA) supplemented with complete protease and phosphatase inhibitor cocktails and cleared by centrifugation at 15,000 ϫ g for 10 min at 4°C. SNS fractions were prepared as described previously with minor modifications (Hoe et al., 2009; Ventruti et al., 2011) . Tissue was homogenized in ice-cold homogenization buffer (5 mM HEPES, pH 7, 1 mM MgCl 2 , 0.5 mM CaCl 2 ) containing protease inhibitor and phosphatase inhibitor as mentioned above. The total homogenate was centrifuged at 1500 ϫg for 10 min and the supernatant (S1) was collected. The pellet was resuspended in homogenization buffer and centrifuged again at 800 ϫg for 10 min. The supernatant was collected, combined with S1, and cleared by centrifugation at 13,800 ϫg for 10 min to obtain the homogenate sample. The remaining pellet, containing SNS fraction, was resuspended in homogenization buffer. Synaptic fractionation was performed on freshly dissected forebrains from 3-month-old C57BL6 mice as described previously (Dumanis et al., 2011) .
Western blot analysis
For brain tissue analysis, protein concentration was determined using the Bradford or BCA Protein Assay (Bio-Rad or Thermo Scientific). Samples were adjusted to equal protein concentration and combined with Laemmli Sample Buffer containing 5% 2-mercaptoethanol. Samples were boiled for 5 min at 95°C, except when analyzing Reelin expression. Protein lysates were separated electrophoretically onto 8% or 4 -15% Trisglycine SDS-PAGE gels (Invitrogen or Bio-Rad) and transferred to nitrocellulose or PVDF blotting membrane. The membranes were blocked in a solution containing 0.1 M TBS with 0.1% Tween 20 and 5% nonfat milk, and then incubated overnight at 4°C with primary antibodies diluted in blocking solution. Primary antibodies include: monoclonal anti-Dab1 (a gift from Dr. André M Goffinet, Université Catholique de Louvain, Belgium), anti-p-Akt (Ser473; #3787, Cell Signaling Technology), anti-total Akt (#2966, Cell Signaling Technology), anti-p-ERK1/2 (Thr202/Tyr204; #4370, Cell Signaling Technology), anti-total ERK1/2 (#4696, Cell Signaling Technology), anti-NR2A (#07-632, Millipore), anti-NR2B (#06-600, Millipore), anti-NR1 (#05-432, Millipore), antisynapsin IIa (#610667, BD Transduction labs), anti-ribosomal protein S6 (#2317, Cell Signaling Technology), anti-PSD-95 (P78352, NeuroMab), anti-synaptophysin (#5461, Cell Signaling Technology), anti-Reelin (MAB5364, Millipore), anti-ApoER2 (ab108208, Abcam), anti-GADPH (H86903M, Meridian Life Science), and anti-␤-actin (#4967, Cell Signaling Technology). The next day, membranes were washed and incubated with anti-mouse IgG-horseradish peroxidase (HRP) or anti-rabbit IgG-HRP secondary antibodies (Sigma or Southern Biotech) diluted at 1:2000 in blocking solution. Proteins were detected using Pierce ECL Western Blotting Substrate (Thermo Scientific) and autoradiography. The films were digitized and optical densities were measured using a computerized image analysis system with a high-powered scanner and the software program ImageJ (v1.43u, National Institutes of Health) or Alphaimager (ProteinSimple).
Golgi impregnation
Golgi-Cox impregnation was performed by FD Neurotechnologies, using the GD Rapid Golgi Stain Kit (#PK401). Briefly, Dab1 cKO and WT controls were perfused for 5 min with PBS, followed by 4% PFA in PBS for 15 min. Brains were immersed in impregnation solution (equal volumes of Solutions A and B, containing mercuric chloride, potassium dichromate, and potassium chromate), and stored at room temperature. Impregnation solution was replaced after 24 h. After 2 weeks, brains were transferred to Solution C and stored at 4°C for 48 h, with the solution replaced after 24 h. The brain was sectioned sagittally at 100 m using a cryostat and sections were mounted on gelatin-coated microscope slides with Solution C. Slides were rinsed twice in distilled water (2 min each), and then placed in a mixture of one part Solution D, one part Solution E, and two parts distilled water for 10 min. After rinsing with distilled water, sections were dehydrated in 50%, 75%, and 95% ethanol (4 min each), and then were further dehydrated in 100% ethanol four times (4 min each). Sections were cleared in xylene three times (4 min each) and coverslipped with Permount solution.
Dendrite and spine analysis
Comparable Golgi-stained sections obtained from WT and Dab1 cKO mice were imaged by an experimenter blinded with respect to genotype. To examine the dendrite branching pattern of hippocampal pyramidal neurons in area CA1, z-stack bright-field images were collected at 1 m increments using an inverted microscope (Olympus IX50) with 10ϫ and 20ϫ objectives. The images were then flattened, and the number of secondary apical branches was measured. To determine the orientation of apical dendrites and the soma, the shortest line between hippocampal surfaces was drawn, and the angle between this line and the longest axis corresponding to either the primary apical dendrite or the soma was measured as described previously (O'Dell et al., 2012) . A total of 26 WT and 17 cKO neurons from 4 to 5 animals of each genotype were traced for dendrite analysis and 40 WT and 34 cKO neurons for soma analysis. For spine analysis, secondary apical dendrites in the stratum radiatum of the CA1 region were imaged in bright field with a 60ϫ Plan Apo oilimmersion objective (NA 1.4). z-Stack images were generated at 0.2 m increments. Dendrite length was traced through the z-stack using the open source Simple Neurite Tracer, a Segmentation Plugin in ImageJ (FIJI image processing package). The number of dendritic spines was quantified from multiple dendrite segments, and spine density values were averaged by the number of neurons analyzed (WT ϭ 46 neurons; cKO ϭ 57 neurons). Data were obtained from multiple brain sections per animal (4 -5 animals per genotype). A subset of z-stack images was randomly selected and further used to analyze dendritic spine area. Dendritic spine area (m 2 ) was measured using a 4ϫ digital zoom and the Freehand Selection Tool in ImageJ. Data were averaged by neuron (n ϭ 50 neurons per genotype). Dendritic spine density and area analyses were performed by an experimenter blinded with respect to genotype.
Ex vivo slice preparation and chemical long-term potentiation induction
Hippocampal slices were prepared from 2-month-old Dab1 cKO and WT controls as described previously . Briefly, brains were sectioned horizontally in ice-cold cutting solution at 400 m. The hippocampus was dissected and acclimated in 50:50 solution (cutting: artificial CSF (ACSF)) for 10 min at room temperature. Sections were then recovered in ACSF at 32°C for 2 h. Chemical long-term potentiation (cLTP) was induced by exposing slices to tetraethylammonium chloride (TEA-Cl, 25 mM) diluted in ACSF (adjusted for osmolarity) for 10 min. Slices were recovered in normal ACSF and collected at 5 and 45 min post-treatment. Hippocampal area CA1 was rapidly removed under a dissecting microscope and snap frozen until further analysis.
Electrophysiology
Hippocampus slices were prepared from 3-to 6-month-old Dab1 cKO and WT mice as previously reported . The brain was rapidly dissected and placed in ice-cold, oxygenated cutting solution containing (in mM): 110 sucrose, 60 NaCl, 3 KCl, 28 NaHCO 3 , 1.25 NaH 2 PO 4 , 5 glucose, 0.6 ascorbate, 7 MgCl 2 , and 0.5 CaCl 2 . Horizontal 350 m sections were generated in cutting solution using a vibratome.
The hippocampus was carefully dissected and transferred to room temperature cutting solution diluted 1:1 with ACSF containing (in mM): 125 NaCl, 2.5 KCl, 26 NaHCO 3 , 1.25 NaH 2 PO 4 , 25 glucose, 1 MgCl 2 , and 2 CaCl 2 . Slices were maintained in this solution with constant 95% O 2 /5% CO 2 perfusion for 10 min before being transferred to the brain slice recording chamber (Fine Science Tools) or maintained in a holding container. Slices were recovered for a minimum of 1 h before recording. The recording chamber was held at 30°Ϯ 0.5°C with a ACSF flow rate of 1 ml/min. Field EPSPs (fEPSPs) were recorded from stratum radiatum in hippocampal area CA1 via glass micropipettes pulled to an approximate 1 m tip diameter (1-4 M⍀) and loaded with ACSF. Responses were generated by stimulation of Schaffer collaterals arising from the CA3 region. Stimulating electrodes consisted of formvar-coated nichrome wire, which was used to deliver biphasic stimulus pulses (1-15 V, 100 s duration, 0.05 Hz). Delivery of stimulation, controlled by pClamp 9.0 software (Molecular Devices), was via the Digidata 1322A interface (Molecular Devices) and a stimulus isolator (model 2200; A-M Systems). Signals were amplified using a differential amplifier (model 1800; A-M Systems), filtered at 1 kHz, and digitized at 10 kHz. For all experiments, baseline stimulus intensity was set at the level that elicited ϳ50% of the maximum fEPSP response as determined from the input-output curve. The input-output relationship was determined by stimulating slices from 0 to 18 mV at 0.5 mV increments. Short-term plasticity was measured via paired-pulse facilitation (PPF), which was induced by stimulating slices at half-max intensity with sequential pulses spaced at 20 ms intervals from 20 to 300 ms. LTP was induced by a theta-burst protocol, which consisted of five trains of four pulse bursts at 200 Hz separated by 200 ms, repeated six times with an intertrain interval of 10 s. Highfrequency stimulation (HFS) was also used to induce LTP, comprising two 1 s trains of 100 Hz stimulation with a 20 s intertrain interval. To evaluate Reelin's effects on theta burst-induced LTP, slices were bathed with 5 nM Reelin or Mock conditioned media for 10 min before LTP induction. For analysis, the last 10 min of recording was averaged and compared.
Mouse behavior
WT (5 males, 6 females) and Dab1 cKO mice (5 males, 6 females) at 3 to 6 months of age were subjected to behavioral studies. No sexual dimorphism of phenotype was observed.
Associative fear conditioning. Fear conditioning was used to assess hippocampus function and associative learning and memory. Mice were placed in a 25 ϫ 25 cm sound attenuation chamber with a wire grid floor and allowed to explore the context for 3 min. They then received a conditioned stimulus (CS; 90 db tone) for 30 s. At the end of the 30 s, mice received a mild footshock (0.5 mA: unconditioned stimulus (US)) that coterminated with the tone. After 1.5 min, the mice received a second CS/US pairing, after which monitoring continued for 1.5 min. For the context test, 24 h following CS/US pairing mice were placed back into the chamber and allowed to explore for 3 min. Mice were then subjected to the cued test, which required placing mice in a novel context (new noise, smells, textured surfaces, etc.) for a 3 min exploratory period followed by a 3 min exposure to the CS. An investigator blind to genotype monitored the mice and scored freezing at 5 s intervals throughout the testing session.
Hidden platform water maze. A 1.2 m diameter pool was filled with white opaque water and a 10 cm diameter white platform was submerged just below the water surface. Large extra-maze cues were positioned around the room. During a single trial, mice were placed in the pool and allowed to swim to the escape platform for a maximum of 60 s. Mice were given four trials per day for 4 d. Latency to escape, distance traveled, and swim speed were measured by video tracking software (ANY-Maze; Stoelting). At 24 and 72 h following training day 4, the platform was removed and swim patterns were monitored for 60 s during a probe trial.
Open-field test. General activity and anxiety were measured by the open-field test. Mice were placed in a 40 ϫ 40 cm acrylic chamber under normal lighting conditions and allowed to explore for 30 min. Video tracking software monitored movement, immobility, and distance traveled (ANY-Maze; Stoelting). Anxiety was measured by comparing the amount of time spent in the center versus wall quadrants of the open field. Data were binned into 5 min intervals to evaluate time-dependent differences in locomotor activity.
Statistical analysis. Data in bar graphs are shown as the mean Ϯ SEM, and analyzed by Student's t test, one-sample t test, or ANOVA as indicated in the results. The Bonferroni post hoc test was used for both oneway and two-way ANOVA tests. Statistical significance was determined when p Ͻ 0.05. Ventruti et al., 2011). In the adult brain, Reelin signaling has been implicated in hippocampal synaptic plasticity, and learning and memory Qiu et al., 2006b) . To further investigate the adult function of Reelin signaling, we first examined how the expression of Reelin and its signaling molecules transitions from a developmental to an adult pattern. We collected brain samples ranging from postnatal day (P7) to adulthood (P56), and conducted Western blot analysis of Reelin, ApoER2, and Dab1 in the cerebral cortex, hippocampus, and cerebellum. All three proteins were readily detected in the developing and adult structures examined (Fig. 1A) . The expression of Reelin and its proteolytic fragments was highest at approximately P7 in forebrain structures, and declined rapidly with age. In the cerebellum, Reelin expression peaked at approximately P14, but remained elevated even during adulthood. The shifted pattern of Reelin expression in the cerebellum parallels the delayed development of this structure compared with the forebrain. A similar expression pattern was observed for ApoER2. However, the expression pattern of Dab1 appeared to be delayed compared with Reelin, and remained sustained throughout adulthood in all structures. When normalized to P7 levels, Dab1 levels in the hippocampus and cerebral cortex were highest at P14 (214 Ϯ 3.5 and 118 Ϯ 6.8%, respectively) and lowest at P56 (74.9 Ϯ 3.1 and 39.9 Ϯ 11.8%, respectively). In the cerebellum, Dab1 expression was relatively stable from P7 to P28 (85.2 Ϯ 4.7% compared with P7 levels), but declined to significantly lower levels by P56 (58.6 Ϯ 5.3% compared with P7 levels).
Results
Expression pattern of Dab1 and other components of the
To further examine Dab1 expression in the adult forebrain, we conducted immunofluorescence staining using the previously described Dab1 B3 antibody . We first verified the specificity of the antibody by staining brain tissue sections obtained from adult Dab1-deficient scrambler (Scm) mutant mice and WT littermates. Dab1 was detected prominently throughout the forebrain of WT mice, but not Scm mutants (Fig. 1B ). In the WT hippocampus, the Dab1 signal appeared to be widespread and diffuse, and particularly intense in cell bodies of the pyramidal layer, and in the neuropil of the stratum lacunosum moleculare (s.l.m.; Fig. 1C,D) . In the neocortex, the Dab1 signal was high in the cell bodies and apical dendrites of many pyramidal neurons, particularly the large pyramidal neurons of layer V, and in the neuropil of the marginal zone (layer I). Double labeling with Reelin antibodies indicated that this protein is highly expressed in a few isolated cells, which are located predominantly in the stratum oriens (s.o.) and s.l.m. of the hippocampus, and in all cellular layers of the neocortex (Fig. 1C,D) . These findings are consistent with previous reports, which demonstrated that Reelin is expressed by a subset of GABAergic interneurons and residual Cajal-Retzius cells in the postnatal forebrain (Alcántara et al., 1998) . When images of Dab1 and Reelin staining are overlaid, it is apparent that these two proteins are expressed mostly in nonoverlapping cell populations, as previously reported in the prenatal brain (Rice et al., 1998) . Occasionally, however, Dab1 was coexpressed in the cell body of a small fraction of Reelin-positive cells in both the cortex and hippocampus (Fig. 1C, yellow arrows) . Diffuse Reelin and Dab1 signals colocalized extensively in the s.l.m. of area CA1 (Fig.  1C) , a region where the distal apical dendrites of Dab1-expressing pyramidal cells come in close proximity to Reelin-secreting Cajal-Retzius cells. Very faint and punctate Reelin immunoreactivity was also observed on Dab1-positive pyramidal cells in cortical layers II/III and V, and to a lesser extent in the hippocampus (Fig.  1D, right) . It is likely that this signal represents surface-bound and/or internalized Reelin, as has been suggested previously in cortical cultures (Campo et al., 2009 ). Collectively, these data demonstrate that Reelin-and Dab1-expressing cells remain intimately juxtaposed in the adult forebrain.
Synaptic localization of Dab1 in the adult forebrain
Because we observed Dab1 expression in the dendrites as well as the soma of pyramidal cells, we next determined whether this protein localizes to synaptic structures in the adult forebrain. Crude SNSs were isolated from the cerebral cortex and hippocampus of 1-month-old mice, and analyzed by Western blotting using Dab1 monoclonal antibodies. Samples obtained from previously described constitutive Dab1 KO mice were used to confirm the specificity of the antibody. The data indicate that Dab1 is present at similar levels in the homogenate and SNS fractions of both the cortex and hippocampus. Dab1 SNS levels were 94.5 Ϯ 8.5% of homogenate levels in the cortex, and 120.8 Ϯ 14.2% of homogenate in the hippocampus ( p Ͼ 0.05; Fig. 2A ), suggesting that a considerable amount of the protein is associated with synapses. To control for the quality of our SNS fractions, we reprobed the blots using antibodies directed against well known synaptic protein markers. As expected, the postsynaptic protein NR1 and presynaptic protein synapsin IIa were enriched in SNS fractions of both the cortex and hippocampus, whereas actin levels were similar among samples ( Fig. 2A) .
To distinguish between presynaptic and postsynaptic localization of Dab1, further fractionation of synaptic and perisynaptic proteins was performed as described previously (Dumanis et al., 2011) . Dab1 was readily detected in the purified synaptic membrane fraction (LP1) at levels comparable to the initial, crude SNS fraction (P2) (95.4 Ϯ 3.08% LP1 normalized to P2, p Ͼ 0.05; Fig.  2B ). To allow better visualization of Dab1 and Reelin, total protein levels loaded for the presynaptic vesicle (SV, also known as the LP2 fraction) and the PSD fractions were four times higher than P2 and LP1 fractions. Quantification revealed similar levels of presynaptic and postsynaptic Dab1 (5.93 Ϯ 0.85% SV and 5.5 Ϯ 1.18% PSD normalized to P2 levels; p Ͼ 0.05). A similar synaptic localization pattern was observed when the same blots were reprobed with Reelin antibodies (Fig. 2B) . However, only the full-length (a) and the intermediate isoform of Reelin (b) were detected in synaptic fractions, possibly due to the higher solubility of the fully cleaved N-terminal fragment (c), which was readily detectable in homogenate samples (Fig. 1A ) and soluble fractions (data not shown). To control for the quality of presynaptic and postsynaptic fractions, we reprobed blots with synaptophysin and PSD-95 antibodies. As expected, PSD-95 was detected in the PSD and not in the SV fraction, whereas synaptophysin was detected in the SV and not in the PSD fraction (Fig. 2B) .
To further examine Dab1 localization at the synapse, we performed triple immunofluorescence labeling of Dab1, PSD-95, and synaptophysin in adult hippocampal sections and focused on the stratum radiatum (s.r.) of area CA1, where apical dendrites of pyramidal cells receive excitatory inputs from Schaffer collaterals. In this region, Dab1, PSD-95, and synaptophysin were detected in a punctate pattern along dendritic segments (Fig. 2C,D) . Although most Dab1-positive puncta did not colabel with both PSD-95 and synaptophysin (Fig. 2 D, F ) , some did, suggesting Dab1 localization to at least some putative excitatory synapses (Fig. 2 D, E , yellow circle). Frequent apposition of Dab1-and synaptophysin-positive puncta was also noted in PSD-95-negative clusters (Fig. 2D, white circle, F) , suggesting the possible additional localization of Dab1 to inhibitory synaptic structures.
Generation of cKO mice with excitatory neuron-specific loss of Dab1 in the adult forebrain Complete loss of Reelin or Dab1 during development leads to dramatically disrupted neuronal positioning Sheldon et al., 1997; , abnormal growth of cellular processes Niu et al., 2004) , and altered formation of excitatory synaptic structures (Niu et al., 2008) , hindering the study of this molecular pathway in the adult brain. To overcome this limitation, we generated a novel cKO mouse in which the Dab1 gene is specifically deleted in the adult forebrain. Mice carrying floxed Dab1 alleles (Dab1 flox/flox ) (Franco et al., 2011) were crossed with CaMKII␣-Cre (T-29) transgenic driver mice (Tsien et al., 1996) . This driver line has previously been extensively characterized, and reported to exhibit Cre expression almost exclusively in forebrain structures, starting at approximately P19 (Tsien et al., 1996; Dragatsis and Zeitlin, 2000) . Cre-positive, homozygous mutant mice Dab1 flox/flox (here referred to as cKO) were born at a normal ratio, were fertile, and appeared healthy and indistinguishable from Cre-negative control littermates (here referred to as WT).
To confirm the specificity of Cre expression, we introduced the ROSA26-tdTomato reporter gene into the genetic background of Dab1 cKO mice. The Dab1 flox/flox progeny that was Creϩ and tdTomatoϩ displayed an intense red fluorescence signal that was predominantly localized to forebrain structures, including the cerebral cortex and hippocampus, at 1 month (data not shown) and 2 months of age (Fig. 3A) . The reporter gene was expressed throughout the neocortex at these ages. However, in the hippocampus it was mostly restricted to area CA1 and to the dentate gyrus, and excluded from area CA3 (Fig. 3A) . These findings are consistent with previous reports (Tsien et al., 1996) , and confirm that the CaMKII␣-Cre driver line induces genetic recombination in the expected brain regions of cKO mice at adult ages.
To verify the loss of Dab1 protein expression in conditional mutant mice, we dissected the cerebral cortex, hippocampus, and cerebellum from adult cKO and WT mice, and performed Western blot analysis. As expected, Dab1 levels were significantly reduced in the cerebral cortex (33.4 Ϯ 7.7% of WT) and hippocampus (48.1 Ϯ 6.7% of WT) of 2-month-old cKO mice ( p Ͻ 0.001, Student's t test), but not in the cerebellum (Fig. 3B) . Similar results were obtained using 6-month-old mice (data not shown). We also performed immunostaining of brain sections obtained from 2-to 3-month-old WT and cKO mice using the Dab1 B3 antibody. Consistent with data shown in Figure 1 , Dab1 was detected throughout the neocortex and in all subfields of the hippocampus in WT mice (Fig. 3C) . However, in the cKO forebrain, Dab1 expression appeared dramatically reduced, with residual expression being restricted to a subpopulation of cells mostly located in deep cortical layers and in hippocampal area CA3 (Fig. 3C) . To further examine the cell specificity of Dab1 loss, we conducted double immunofluorescence experiments using the GABAergic interneuron marker glutamic acid decarboxylase 67 (GAD67; Fig. 3D-G) . In the WT hippocampus (Fig.  3 D, E) , Dab1 labeled mostly GAD67-negative cell bodies (presumed excitatory neurons); however, colabeling was also observed in some interneurons located mainly in s.o. and s.l.m. Upon closer magnification (Fig. 3E ), Dab1 and GAD67 were found to colabel the soma of GABAergic interneurons positioned in s.o. (white arrow), as well as putative perisomatic inhibitory synapses in the stratum pyramidale (s.p.; yellow arrow). This expression pattern was even more obvious in sections derived from cKO mice. Here, Dab1 was readily observed in the soma of GAD67-positive interneurons located in s.o. and s.l.m. (Fig.   3 F, G, white arrows) , and in perisomatic inhibitory synapses in s.p. (Fig. 3G, yellow arrow) . These data demonstrate that, in addition to excitatory neurons, Dab1 is also expressed by GABAergic basket cells, which are responsible for perisomatic inhibition of pyramidal neurons in hippocampal area CA1 (Karson et al.,  2009) . A large population of immature granule cells residing at the interface of the hilar region and granule cell layer was also Figure 3 . Adult forebrain excitatory neuron-specific loss of Dab1 expression in cKO mice. A, A representative brain section obtained from a 2-month-old cKO mouse also expressing the tdTomato reporter gene. The low-magnification example on the left shows predominant reporter gene expression in the forebrain, whereas the higher magnification example on the right shows elevated activity in the cerebral cortex, hippocampal area CA1, and dentate gyrus. Scale bars: left, 2 mm; right, 200 m. B, Western blot analysis of Dab1 in brain regions of 2-month-old WT and Dab1 cKO mice. Blots were reprobed with antibodies against ribosomal protein S6 as a loading control. The data were quantified from n ϭ 4 -5 mice/genotype. Dab1 levels were significantly reduced in the cortex (CX) and hippocampus (HC), but not in the cerebellum (CB), of cKO mice compared with WT mice. Bar graphs indicate the mean Ϯ SEM; ***p Ͻ 0.001. C, Immunoperoxidase staining of Dab1 in 2-month-old WT and cKO brains revealed widespread loss of Dab1 expression throughout the cortex and hippocampus. Scale bar, 200 m. D, E, Double immunofluorescence of adult WT hippocampal sections stained with Dab1 (green) and GAD67 (red) antibodies. Magnified examples in E show that Dab1 is expressed mostly in the cell bodies of excitatory neurons, which are surrounded by inhibitory terminals (yellow arrows). Occasionally, colabeling of interneuron cell bodies was noted (white arrows). F, G, Double immunofluorescence of similar cKO sections reveals the specific loss of Dab1 in excitatory, pyramidal neurons, which unmasks the residual expression of Dab1 in the interneuron cell bodies (white arrows) and terminals (yellow arrows). Scale bars, D, F, 50 m; E, G, 25 m.
found to express Dab1 in cKO sections (data not shown). Together, our data indicate that Dab1 loss in cKO mice is restricted to excitatory neurons of the adult forebrain, consistent with previous findings that the CaMKII␣ promoter is selectively activated in most excitatory neurons of the adult forebrain (Tsien et al., 1996; Sík et al., 1998; Dragatsis and Zeitlin, 2000) .
Analysis of brain anatomy and excitatory synaptic structure in Dab1 cKO mice
To examine the consequence of Dab1 loss in excitatory neurons of the adult forebrain, we stained brain sections of 2-month-old cKO and WT control mice with thionin. All cortical brain regions appeared normal at low magnification (Fig. 4A) , and cellular layers of the neocortex and hippocampus appeared intact (Fig.  4B ). Contrary to previous findings resulting from the injection of Reelin-interfering antibodies in the adult dentate gyrus (Heinrich et al., 2006) , no granule cell dispersion was observed in adult cKO mice. Similarly, no neuroanatomical defects were observed in cKO mice at older ages (6 -11 months, data not shown). These findings are consistent with the established role of Reelin-Dab1 signaling in the development of cellular layers, since this process is largely complete before the time of onset of Cre expression in cKO mice (ϳ1 month of age). Furthermore, they demonstrate that Reelin-Dab1 signaling is not required to maintain the integrity of cellular layers in the adult forebrain.
To determine whether neuronal orientation, dendrite arborization, and spine formation are affected in Dab1 cKO mice, we performed Golgi staining of 2-month-old cKO and WT brains. The gross morphology of excitatory hippocampal pyramidal neurons in area CA1 (Fig. 4C,D) as well as cortical neurons (data not shown), which exhibit almost complete loss of Dab1 in cKO mice by this age, appeared normal. To further analyze the branching pattern of apical dendrites in hippocampal area CA1, we traced primary and secondary branches of individual pyramidal neurons in the s.r., and measured the cumulative number of secondary branches at increasing distances from the soma. These data indicate that the branching pattern of cKO neurons is similar to that of WT neurons ( p Ͼ 0.05; Fig. 4D ). We also analyzed soma and primary apical dendrite orientation of traced WT and cKO pyramidal neurons, as previously described (O'Dell et al., 2012) . The orientation of both the soma and apical dendrite was found to be unaffected by the loss of Dab1 in cKO neurons ( p Ͼ 0.05; Fig. 4D ). These findings demonstrate that Reelin-Dab1 signaling is not required to maintain the morphology or the orientation of dendritic trees in the adult forebrain. Next, we collected highmagnification images of Golgi-stained secondary apical dendrites of pyramidal neurons in area CA1 to visualize spines (Fig. 4C) . Mature spines with a mushroom-like head were readily observed in both genotypes, and represented the great majority of imaged spines. Therefore, we did not attempt to classify them into subcategories, but measured their density and head size. Our analysis reveals that dendritic spine density was not altered in Dab1 cKO mice ( Fig. 4E ; p Ͼ 0.05, Student's t test). However, the crosssectional area was significantly smaller in cKO mice ( Fig. 4F ; p Ͻ 0.0003, Student's t test). The spine area measurements were 0.39 Ϯ 0.0173 m 2 in WT and 0.30 Ϯ 0.0153 m 2 in Dab1 cKO mice (n ϭ 50 neurons per genotype). Based on previous reports that the geometry of dendritic spines is a key determinant of their glutamate sensitivity (Matsuzaki et al., 2001 (Matsuzaki et al., , 2004 Hayashi and Majewska, 2005) , these findings suggest that loss of Dab1 might affect glutamatergic synaptic transmission and synaptic plasticity in adult cKO mice.
We have previously reported that Reelin haploinsufficiency during development results in alterations of the biochemical and physiological properties of adult hippocampal excitatory synapses (Qiu and Weeber, 2007; Ventruti et al., 2011) . To address whether Reelin signaling loss in the adult forebrain disrupts the molecular composition of synapses, we prepared protein homogenate and crude SNS fractions from WT and Dab1 cKO mice at 2 months of age, and analyzed them by Western blotting (Fig. 4G) . As expected, the levels of Dab1 were significantly decreased in homogenate and SNS fractions derived from cKO mice (50.2 Ϯ 9.6% of WT in homogenate, 48.8 Ϯ 7.8% of WT in SNS). However, we found no significant changes in the levels of postsynaptic protein markers such as PSD-95, NR2A, NR2B, and NR1 ( Fig.  4G ; PSD-95, 89.5 Ϯ 2.3% of WT in homogenate, 92.4 Ϯ 4.2% of WT in SNS; NR2A, 110.4 Ϯ 10.1% of WT in homogenate, 96.1 Ϯ 4.1% of WT in SNS; NR2B, 99.4 Ϯ 4.8% of WT in homogenate, 92.7 Ϯ 5.4% of WT in SNS; NR1, 113.4 Ϯ 12.2% of WT in homogenate, 96.9 Ϯ 7.8% of WT in SNS). The levels of presynaptic protein markers such as synapsin IIa and synaptophysin were similar in homogenate fractions, but they were marginally decreased in the SNS fractions of cKO mice (synapsin IIa, 104.3 Ϯ 4.0% of WT in homogenate, 86.0 Ϯ 2.4% of WT in SNS, p ϭ 0.071 in SNS; Synaptophysin, 98.6 Ϯ 3.7% of WT in homogenate, 87.0 Ϯ 1.5% of WT in SNS, p ϭ 0.054 in SNS) ( Fig. 4G ; data not shown). Together, these results indicate that Dab1 is not required for dendritic spine formation, maintenance, or composition in the adult hippocampus, but plays a role in maintaining normal spine size.
Basal Akt and ERK1/2 signaling abnormalities in the adult Dab1 cKO forebrain
Given the spine anomalies we observed in Dab1 cKO mice, we next sought to elucidate potential molecular underpinnings of these changes. A multitude of intracellular signaling pathways have been implicated in regulating dendritic spine formation and maturation, including the PI3K and downstream protein kinase B (PKB/Akt; Cuesto et al., 2011; Majumdar et al., 2011) , as well as mitogen-activated protein kinases, including ERK1 and ERK2 (Goldin and Segal, 2003; El Gaamouch et al., 2012) . To determine whether loss of Dab1 in the adult forebrain affects these intracellular signaling pathways, we performed Western blot analysis of WT and cKO cortical and hippocampal lysates. At a young adult age (2 months), we detected no differences in the levels of activated, phosphorylated Akt (Ser473; p-Akt) and activated, phosphorylated ERK1 and ERK2 (Thr202/Tyr204; p-ERK1/2) (Fig.  5A) . Intriguingly, however, we found a significant reduction in the basal levels of p-Akt and p-ERK1/2 in both the cortex and hippocampus of mature adult (4-month-old) Dab1 cKO mice compared with WT littermates (Fig. 5B) . Specifically, the levels of p-Akt were 55.7 Ϯ 5.3% of WT in the cortex ( p Ͻ 0.01, onesample t test), and 54.0 Ϯ 3.1% of WT in the hippocampus of Dab1 cKO mice ( p Ͻ 0.001, one-sample t test). Similarly, the levels of p-ERK2 were 57.3 Ϯ 9.7% of WT in the cortex, and 69.1 Ϯ 7.7% of WT in the hippocampus of the Dab1 cKO mice ( p Ͻ 0.05 for both, one-sample t test). In support of these findings, the phosphorylation of downstream Akt substrates, including mTOR (Ser2448) and GSK3␤ (Ser9), was also markedly reduced in the forebrain of 4-month-old Dab1 cKO mice (data not shown), whereas the levels of total kinase were not affected. These results demonstrate that chronic loss of Dab1 in excitatory neurons leads to deficits in the basal activity of PI3K/Akt and ERK1/2 signaling pathways in the mature adult forebrain. 
Activity-dependent ERK1/2 signaling in Dab1 mutant cultures
Since spine abnormalities were present in cKO mice at 2 months of age, before the appearance of detectable deficits in basal signaling, we wondered whether altered kinetics or reduced levels of ERK1/2 signaling in response to neuronal activity could underlie structural spine defects. Intracellular signaling is critical for conveying information from the site of postsynaptic activation to the nucleus, which in turn enables chromatin remodeling and changes in gene expression that permit long-term synaptic plasticity (Wiegert and Bading, 2011) . In particular, the activation of ERK1/2 is necessary for the expression and maintenance of LTP (Tsokas et al., 2007; Gobert et al., 2008; Maharana et al., 2013) . To determine whether Dab1 is required for activitydependent stimulation of ERK1/2 signaling, we analyzed activity-dependent ERK1/2 signaling in adult hippocampal slices ex vivo. Transverse hippocampal slices were prepared from WT and Dab1 cKO mice at 2 months of age, a time point when differences in basal ERK1/2 activation were not yet evident (Fig. 5) . The slices were allowed to recover for 2 h, and then were stimulated for 10 min with 25 mM of the potassium channel blocker TEA-Cl to induce robust cLTP in hippocampal area CA1, as described previously (Hanse and Gustafsson, 1994) . Hippocampal area CA1 was dissected for protein isolation from nontreated slices and from slices that received TEA-Cl at 5 and 45 min following treatment. At 5 min post-TEA-Cl treatment, a rapid and robust stimulation of ERK1 phosphorylation (p-ERK1/2 Thr202/Tyr204) was observed in WT (395 Ϯ 46.2%; p Ͻ 0.05, unpaired t test) and Dab1 cKO slices (336 Ϯ 42.7%; p Ͻ 0.05, unpaired t test; Fig. 6A ). Although the relative changes in the ratio of p-ERK1/ERK in Dab1 cKO were slightly lower than in WT slices, comparison between these groups did not reach statistical significance. The levels of p-ERK1 returned to baseline similarly in both WT (103 Ϯ 11.4%) and Dab1 cKO (81.9 Ϯ 6.70%) slices at 45 min post-TEA-Cl treatment ( Fig. 6B; quantification not shown) . On the other hand, significant differences were observed in the dynamics of ERK2 phosphorylation in WT and Dab1 cKO slices following cLTP induction. At 5 min following TEA-Cl treatment, WT slices exhibited a 234 Ϯ 13.1% increase in relative p-ERK2 levels ( p Ͻ 0.001, unpaired t test) versus a 187 Ϯ 10.2% increase in Dab1 cKO slices ( p Ͻ 0.05, unpaired t test). The magnitude of ERK2 activation was significantly reduced in the Dab1 cKO compared with WT slices ( p Ͻ 0.01, two-way ANOVA with Bonferonni's post hoc test; Fig. 6A ). At 45 min following treatment (Fig. 6B) , WT slices still showed a 126 Ϯ 5.2% increase in relative p-ERK2 levels ( p Ͻ 0.05, unpaired t test), whereas Dab1 cKO slices returned to baseline levels (97.8 Ϯ 3.0%; p Ͼ 0.05, unpaired t test). Thus, the sustained activation of ERK2 at 45 min after cLTP induction was blunted in Dab1 cKO compared with WT slices ( p Ͻ 0.05, two-way ANOVA with Bonferroni's post hoc test). These data suggest that Dab1 serves a critical function in regulating the kinetics of activity-dependent MAPK activation in the Representative z-stack images of secondary apical dendrites bearing spines are also shown (right). Scale bars: left, 300 m; middle, 100 m; right, 2 m. D, Tracing and analysis of dendrite branching and neuronal orientation. Examples of traced WT and cKO pyramidal neurons in area CA1 are shown. Twentysix WT and 17 cKO neurons from 4 to 5 mice per genotype were used for branching analysis; 40 WT and 34 cKO neurons from 4 to 5 mice per genotype were used for neuronal orientation analysis. No significant change in secondary dendrite branching or orientation of apical dendrites and cell body is apparent. E, F, Quantification of spine density (E) and area (F). There was no significant difference in spine density between WT and cKO neurons. However, spine area was significantly smaller in Dab1 cKO compared with WT mice (***p Ͻ 0.0001). G, Western blot analysis of Dab1 and synaptic protein markers in the homogenate and crude SNS fractions of WT and Dab1 KO hippocampus. The blots were probed sequentially or in parallel with antibodies against Dab1, postsynaptic PSD-95, NMDAR subunits NR1 and NR2A, and presynaptic synapsin IIa. Actin was used as a loading control. Although Dab1 levels were decreased in samples obtained from cKO mice, the levels of all analyzed synaptic proteins appear similar between genotypes (data from 5 to 6 mice per genotype). . The data were quantified as the ratio of phospho-Akt (p-Akt) over total Akt, and phospho-ERK2 (p-ERK2) over total ERK2. There were no significant differences in the levels of p-Akt and p-ERK1/2 between genotypes at 2 months of age (A). However, at 4 months of age (B) the levels of p-Akt and p-ERK2 were significantly reduced in both the cortex and hippocampus of Dab1 cKO compared with WT mice (n ϭ 4 mice per genotype). Bar graphs indicate the mean Ϯ SEM, *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001. adult brain, as its deficiency hinders the sustained activation of ERK2 following synaptic potentiation.
Physiological abnormalities in Dab1 cKO hippocampal slices
Application of Reelin to hippocampal slices enhances LTP at Schaffer collateral synapses through binding both ApoER2 and VLDLR, and promoting activation of NMDARs . We have thus far presented evidence of biochemical and structural changes in Dab1 cKO, which is the first conclusive evidence that Dab1 continues to regulate synaptic function in the adult brain. In line with previous studies, we hypothesized that impaired activitydependent kinase regulation and the inability to convey Reelin signaling may culminate in perturbed synaptic plasticity in Dab1 cKO mice. To test this hypothesis, we used acute hippocampal slices obtained from adult WT and Dab1 cKO mice (3-6 months old) to examine synaptic transmission, short-term plasticity, long-term plasticity, and Reelin responsiveness at the well defined Schaffer collateral synapses.
We first evaluated overall synaptic transmission by comparing the amplitude of the evoked fiber volley to the slope of the fEPSP at increasing stimulus intensities (Fig. 7A) . Comparison of the linear-fitted plot revealed no differences between WT (slope ϭ 2.176 Ϯ 0.26) and Dab1 cKO slices (slope ϭ 1.929 Ϯ 0.316), suggesting that overall synaptic transmission was normal. Short-term synaptic plasticity was evaluated by the amount of PPF with interpulse intervals (IPIs) ranging from 20 to 300 ms (Fig. 7B ). Significant reductions in PPF were found at the 40 ms interval (148 Ϯ 7.02% WT, 134 Ϯ 3.16% cKO; p Ͻ 0.05, unpaired t test), but not at other intervals.
We have previously reported deficits in LTP induced by either two trains of 100 Hz stimulation (HFS) or theta-burst stimulation (TBS-LTP) in ApoER2 KO mice . TBS-LTP consists of five trains of four pulse bursts at 200 Hz, repeated six times with an interburst interval of 10 s. Using this protocol, we found a significant reduction in LTP induction (i.e., first 10 min averaged) in the Dab1 cKO (130 Ϯ 7.19%) compared with WT controls (164 Ϯ 8.81%; p Ͻ 0.05, unpaired t test; Fig. 7C) . Moreover, the maintenance of LTP (i.e., final 10 min averaged) in the Dab1 cKO (124 Ϯ 10.3%) was significantly reduced compared with WT controls (152 Ϯ 6.9%; p Ͻ 0.05, unpaired t test; Fig. 7C ). Using HFS, we found reduced LTP in the Dab1 cKO (115 Ϯ 10.8%) compared with WT slices (156 Ϯ 111.5%; p Ͻ 0.05, unpaired t test) when the final 20 min of recording were averaged (Fig. 7D) . Although the induction of LTP (first 10 min) appeared to be reduced in the cKO (118 Ϯ 14.6%) compared with WT (154 Ϯ 17.3), this effect was not statistically significant ( p ϭ 0.176).
Previous work by our group and others has established that Reelin potently enhances TBS-LTP in a manner that depends on two critical domains of ApoER2: the NPxY motif, which binds Dab1 (Beffert et al., 2006) , and the alternatively spliced exon19 , which binds PSD-95 and JIP1/2. To determine whether Dab1 is required for the enhancement of LTP by Reelin, we treated WT and Dab1 cKO slices with mock or Reelinconditioned media 10 min before inducing TBS-LTP. Confirming previous studies, Reelin treatment enhanced the induction of LTP (first 10 min) in WT mice (205 Ϯ 10.1% with Reelin vs 153 Ϯ 7.17% with mock; p Ͻ 0.05, unpaired t test; Fig. 7E ). The enhancement of LTP by Reelin was maintained even through the final 10 min of recording (177 Ϯ 14.8% with Reelin vs 141 Ϯ 6.83% with mock; p Ͻ 0.05, unpaired t test). Conversely, Reelinconditioned medium had no effect on TBS-LTP in Dab1 cKO when compared with mock-treated slices at any time during recording (Fig. 7F ). These data demonstrate that Dab1 affects synaptic plasticity and it is absolutely required for the modulation of hippocampal LTP by Reelin.
Behavioral abnormalities in adult Dab1 cKO mice
Reelin haploinsuffiency in reeler heterozygous mice (Qiu et al., 2006b) or the loss of individual Reelin receptors ApoER2 or VLDLR leads to impairments in hippocampal-dependent associative learning. These previous studies used mouse models that have reduced, but not ablated, Reelin signaling. Homozygous reeler mutant or double receptor KO mice could not be used for behavioral studies because of neurodevelopmental confounds, including neuronal ectopia , delayed dendrite maturation , and impaired synaptic development (Niu et al., 2008; Ventruti et al., 2011) . To determine whether Dab1 (and thus Reelin signaling) is required for cognitive function we conducted a behavioral characterization of adult cKO and WT littermates at 3-6 months of age. We first performed a standard open-field test with a 30 min duration and found no differences in overall locomotor activity measured by distance traveled (Fig. 8A) or percentage time spent in the center of the open field, a measure of thigmotactic behavior or anxiety (Fig. 8B) . A battery of other behavioral tests was implemented to ensure that observed deficits were not due to underlying physical or behavioral deficits. No differences were detected in measures of activity or anxiety in the elevated plus maze, motor coordination or learning in the rotarod test, or short-term memory in the y-maze test of spontaneous alternations (data not shown). To test for associative learning, we performed a two-trial fear conditioning protocol on WT and Dab1 cKO mice by pairing an aversive stimulus (mild Figure 7 . Altered synaptic function in adult Dab1 cKO mice. Hippocampal slices were obtained from 3-to 6-month-old WT and Dab1 cKO mice. A, Normal synaptic transmission was observed when comparing the slope of the field EPSP versus the fiber volley amplitude at increasing intensities for WT (F, n ϭ 11 slices, 4 mice) and cKO mice (E, n ϭ 18 slices, 4 mice). B, Short-term synaptic plasticity was evaluated by the amount of PPF with IPIs ranging from 20 to 300 ms in WT (F, 20 slices, n ϭ 5 mice) and cKO mice (E, 34 slices, n ϭ 6 mice). Significant reductions in PPF were found at the 40 ms IPI (*p Ͻ 0.05). C, LTP was induced with TBS. The first and final 10 min of recording were averaged separately, revealing both a reduction in LTP induction (*p Ͻ 0.05) and maintenance (*p Ͻ 0.05) in Dab1 cKO (F, 15 slices, n ϭ 7 mice) compared with WT controls (F, 13 slices, n ϭ 6 mice), respectively. Representative traces are included. Scale bar, 5 ms. D, LTP was induced by HFS consisting of two trains at 100 Hz in WT (F, 8 slices, n ϭ 4 mice) and Dab1 cKO mice (E, 11 slices, n ϭ 5 mice). A reduction of LTP in cKO slices compared with WT was observed when the final 20 min of recording was averaged (*p Ͻ 0.05), but not the first 10 min. Representative traces are included. Scale bar, 5 ms. E, Mock-and Reelin-conditioned medium was applied for 10 min before inducing LTP with TBS (indicated by gray line). Reelin treatment (f, 8 slices, n ϭ 3 mice) was found to enhance LTP relative to mock treatment (F, 15 slices, n ϭ 5 mice) in WT mice (*p Ͻ 0.05). F, Reelin-conditioned medium (Ⅺ, 9 slices, n ϭ 3 mice) had no effect on TBS-induced LTP in Dab1 cKO slices when compared with mock medium (E, 7 slices, n ϭ 3 mice). For all data representation, except A, measurements from individual slices were averaged per mouse.
footshock) with an acoustic tone (CS; white noise) in a novel context. The fear response was determined by measuring the frequency at which normal motor behavior was disrupted by freezing, a period of watchful immobility. The extent of freezing to the acoustic tone and shock during training was not significantly different between animal groups (Fig. 8C) . Long-term associative memory was assessed by measuring the freezing response to the original context (context test), or to the tone in a novel context (cued test) at 24 h postconditioning. Our data show that Dab1 cKO mice (35.6 Ϯ 4.07%) froze significantly less than WT controls (49.0 Ϯ 4.55%) in the context test ( Fig. 8E ; p Ͻ 0.05), but not in the cued test (Fig. 8D) . Observed deficits in contextual learning are likely due to impaired signaling mechanisms that are required for normal synaptic plasticity and long-term hippocampal-dependent associative learning.
Previous studies have identified mild impairments in spatial learning in mice deficient in ApoER2, KO mice (Beffert et al., 2006), or mice expressing an ApoER2 isoform that lacks exon19 , but not in the heterozygous reeler model (Qiu et al., 2006b) . To determine whether Dab1 plays a role in this form of learning, WT and Dab1 cKO mice were trained in the hidden platform water maze task. Specifically, mice were trained to find a submerged platform in a circular pool filled with opaque water using distal visual cues positioned outside the pool. Training took place over the course of 4 d with four trials per day and an approximate intertrial interval of 1 h. No differences were seen in latency to find the platform across training (Fig. 8F ) . Spatial memory was assessed using a 24 h probe test in which the platform was removed and mice were allowed to employ spatial search strategies to locate the platform's original location. No significant differences were seen in the distance traveled (or swim speed; data not shown). Both WT and Dab1 cKO mice were similar in that they crossed over the location of the target platform significantly more times than other platform areas (Fig.   Figure 8 . Normal fear associative learning requires Dab1. A, B, Differences in locomotor activity and anxiety were evaluated using a 30 min open-field test. The Dab1 cKO mice (n ϭ 11) and WT controls (n ϭ 11) exhibited similar levels of activity. Two-trial fear conditioning was used to determine associative learning at 24 h following two CS-US pairings. C, D, No differences were seen in freezing rates during training or in a novel context in the absence or presence of the CS (tone) when comparing WT and cKO mice. E, WT mice (n ϭ 11) exhibited a greater conditioning to the context compared with Dab1 cKO (n ϭ 11; *p Ͻ 0.05). F-I, Hidden-platform water maze was used to assess spatial learning and memory. No differences between WT and cKO were seen in latency to platform across 4 d of training (4 trials/d). A 60 s probe trial was conducted at 24 h post-training. No significant difference was found in the number of target platform (TP) crossings by WT (n ϭ 11) versus Dab1 cKO mice (n ϭ 10). Both genotypes crossed into the TP significantly more times than in other pseudo-platform areas (*p Ͻ 0.05). At 72 h, a probe trial revealed that WT mice crossed into the TP significantly more times than cKO and compared with other platform regions (*p Ͻ 0.05, two-way ANOVA using the Bonferroni's post hoc test). No difference was seen in distance traveled between the genotypes. OP, opposite platform; AP1, adjacent platform 1; AP2, adjacent platform 2. 8G). However, a probe trial conducted 72 h after training revealed significant differences between WT and cKO mice. At this time, WT mice showed a marked preference for the target platform versus other platform areas ( p Ͻ 0.05), whereas Dab1 cKO did not (Fig. 8H ). This defect was not due to differences in total distance traveled ( Fig. 8I ; p Ͼ 0.05) or swim speed (data not shown). The observation that cKO had normal spatial memory at 24 h, but not at 72 h after training, suggests that Dab1 is required for proper long-term memory consolidation.
Discussion
A multitude of studies have established the essential role of the Reelin-Dab1 signaling pathway in brain development. Using a novel genetic model, in this study we conclusively demonstrate that Reelin-Dab1 signaling is also required for adult brain function. We show that loss of Dab1 in excitatory neurons of the adult forebrain leads to a reduction in dendritic spine size, suppression of Akt and ERK signaling pathways, loss of hippocampal LTP, and ultimately deficits in hippocampal-dependent learning and memory without affecting cellular layering or dendrite morphology. Our findings may prove significant for understanding and treating neuropsychiatric and neuropathological disorders associated with reduced Reelin signaling, including schizophrenia (Guidotti et al., 2000; Verbrugghe et al., 2012) , autism (Fatemi et al., 2005; Ashley-Koch et al., 2007) , and Alzheimer's disease (Chin et al., 2007; Herring et al., 2012) .
In agreement with previous reports (Alcántara et al., 1998; , we observed a dramatic downregulation of Reelin and its signaling machinery that paralleled the completion of postnatal synaptic development and the transition into mature neuronal circuitry (Fig. 1) . In the adult forebrain, scattered Reelin-expressing interneurons were mostly juxtaposed to Dab1-positive excitatory neurons. However, our cKO strategy also revealed that Dab1 is expressed by a subset of GABAergic interneurons (Fig. 3) , suggesting that Reelin signaling onto interneurons may be important for the proper function of neural networks in the adult hippocampus. In particular, the observed enrichment of Dab1 at perisomatic synapses in the pyramidal layer suggests that Dab1 is expressed by GABAergic basket cells, which are critical regulators of hippocampal network oscillations (Klausberger, 2009) . Considering that hippocampal pyramidal neurons of adult reeler heterozygous mice have reduced spontaneous IPSPs (Qiu et al., 2006b ), but normal EPSPs, these data raise the possibility that the inhibitory synapse is an important site of Reelin activity that has been understudied so far. Consistent with this view, our immunofluorescence data indicate that Dab1 colocalizes frequently with the presynaptic marker synaptophysin, but less frequently with the excitatory postsynaptic marker PSD-95 in the s.r. of area CA1 (Fig. 2) . Biochemical fractionation data confirmed that Dab1 is expressed both presynaptically and postsynaptically, even though it does not appear to be enriched at the synapse (Fig. 2) . Dab1 was distributed in many cellular compartments, including the soma, proximal, and distal apical dendrites of hippocampal excitatory and inhibitory neurons. Overall, the pattern of Dab1 expression in the adult forebrain is consistent with the proposed role of Reelin signaling in synaptic function.
The dramatic loss of Dab1 in the adult forebrain of our cKO mice did not result in detectable changes in brain morphology, neuronal lamination, neuronal orientation, or dendritic arborization (Figs. 3, 4) . We further show that Dab1 is not required for dendritic spine formation, maintenance, or molecular composition in the adult hippocampus, but is required for mature spine morphology (Fig. 4) . We previously reported that reduced Reelin signaling in juvenile heterozygous reeler or Dab1 KO mice leads to a reduction in dendritic spine density in the hippocampus (Niu et al., 2008) . Recent findings further demonstrated that spinogenesis and long-term synaptic plasticity are impaired in the prefrontal cortex of juvenile heterozygous reeler mice (Iafrati et al., 2013) . Based on these findings, we predict that there is a postnatal window during which Reelin signaling promotes spinogenesis. Despite unaltered spine density, we observed a reduction in the cross-sectional area of dendritic spines in the adult Dab1 cKO hippocampus. This finding is consistent with the complementary discovery that Reelin overexpression in the adult hippocampus induces dendritic spine hypertrophy (Pujadas et al., 2010) . This morphological phenotype may result from a chronic reduction in synaptic activity, which promotes the enlargement of dendritic spines through AMPA receptor insertion (Fortin et al., 2010; Hill and Zito, 2013) . Consistent with this view, our previous work demonstrated that Reelin facilitates the insertion of AMPAR in hippocampal neurons via Dab1-dependent activation of PI3K/Akt (Qiu et al., 2006a) . The reduction in spine size may also result from a persistent deficit in synaptic plasticity, which normally leads to a large postsynaptic increase in calcium that facilitates actin branching and polymerization, generating a protrusive force that facilitates spine enlargement (Fukazawa et al., 2003) . Indeed, Reelin signaling promotes the activation of NMDARs through tyrosine phosphorylation of the NR2A and NR2B cytoplasmic tails, leading to increased calcium influx (Chen et al., 2005) . Combined, these mechanisms could explain the observed changes in spine morphology in the Dab1 cKO mice; however, potential direct effects of Reelin on the actin cytoskeleton, as seen during development (Krüger et al., 2010) , cannot be presently excluded. Given that spine morphology represents a continuum of different shapes, in this study we did not conduct a classification of different spine subtypes. We focused on spine head size, rather than neck length, as this parameter better correlates with PSD size and synaptic strength (Arellano et al., 2007) . However, further analysis will be required to conclusively determine whether spine head size reduction is the only morphological anomaly present in Dab1 cKO mice.
While investigating potential signaling mechanisms underlying the spine morphology phenotype of Dab1 cKO mice, we noted basal reductions in the activation of Akt and ERK1/2 pathways (Fig. 5) . Both of these signal transduction pathways are activated by acute Reelin treatment of dissociated neurons. Specifically, Reelin was first shown to induce Akt phosphorylation and to promote the interaction between Dab1 and the PI3K regulatory subunit p85␣ Ballif et al., 2003; Bock et al., 2003) . Moreover, Reelin was shown to stimulate the activation of ERK1/2 in cortical neurons in a manner that depends on SFK and PI3K/Akt activation (Simó et al., 2007) . While the activation of Akt and downstream signaling proteins has been confirmed in several studies (Ballif et al., 2003; Jossin and Goffinet, 2007; Ventruti et al., 2011) , the stimulation of ERK1/2 phosphorylation has not yet been replicated, possibly due to differences in the composition of the Reelin conditioned medium (Ballif et al., 2003) . Given our present findings that ERK1/2 phosphorylation is altered in Dab1 cKO mice, the involvement of ERK1/2 in downstream Reelin signaling warrants further investigation.
In the adult brain, both the PI3K/Akt and ERK pathways perform indispensible roles in regulating neuronal survival, synaptic plasticity, and learning and memory (Curtis and Finkbeiner, 1999; Orban et al., 1999; Sweatt, 2004) . Our observed reduction in the basal activation of both Akt and ERK1/2 in Dab1 cKO mice in mature, but not young adult cKO mice, suggests a cumulative defect that results from chronic deficiency in Reelin signaling. Alternatively, it could be due to a sustained impairment in synaptic function or plasticity resulting from Dab1 loss at the synapse. Interestingly, we found that Dab1 loss in the adult hippocampus altered the kinetics of ERK1/2 activation following synaptic potentiation (Fig. 6) . These findings implicate Dab1 as an important modulator of intracellular signaling underlying synaptic plasticity.
The present study demonstrates that Dab1 plays an important role in adult synaptic physiology. We observed reduced PPF in Dab1 cKO hippocampal slices (Fig. 7) , which is consistent with previous studies using Reelin or ApoER2 mutants (Beffert et al., 2006; Qiu et al., 2006b) , and suggests that Reelin signaling regulates presynaptic mechanisms controlling neurotransmitter release and short-term synaptic plasticity. Indeed, specific deficits in neurotransmission have been noted in reeler mice (Qiu et al., 2006b; Hellwig et al., 2011) . However, since we did not observe extensive deletion of Dab1 in area CA3 (Fig. 3) , it is possible that altered postsynaptic signaling may drive the observed presynaptic impairments. Dab1 cKO mice also exhibited impairments in long-term synaptic plasticity, similar to heterozygous reeler mice (Qiu et al., 2006b ) and ApoER2/VLDLR mutants . Unlike these previous studies, our present findings reveal physiological defects resulting from the complete loss of Reelin signaling in the adult hippocampus. Loss of Dab1 led to a profound reduction in LTP induced by HFS and TBS, and lack of LTP enhancement by Reelin. Whether the effects of Dab1 loss result exclusively from the absence of Reelin signaling, or from the disruption of other Reelin-independent signaling mechanisms in which Dab1 participates, remains to be determined.
Finally, here we demonstrated that Dab1 is required for normal hippocampal-dependent associative learning. Specifically, we observed selective hippocampal-dependent fear associative learning deficits in Dab1 cKO mice, which is consistent with previous studies of heterozygous reeler mice (Qiu et al., 2006b) and ApoER2 mutants . Observed deficits in spatial memory in the hidden platform water maze at 72 h, but not 24 h, also suggests that Reelin signaling may play a role in long-term memory consolidation. In summary, our data provide the first definitive evidence that Reelin signaling through Dab1 continues to play an important role in the adult brain by regulating synaptic function and associative learning. These results will serve as a foundation upon which more detailed biochemical and physiological experiments will be designed to understand how Reelin signaling regulates synaptic function in the adult brain and how its disruption may contribute to cognitive disorders.
